Abstract. In order to investigate the characteristics of planar free jet flows, the Monotonically Integrated Large Eddy Simulation (MILES) method with the high-resolution space-time conservation element/solution element (CE/SE) scheme was used to simulate the two-dimensional free jet flows. For free jet flows within the Reynolds number range 35300~2200, the flow structures, averaged and instant velocity, turbulence intensity, velocity profiles of different cross-sections were examined respectively. The simulation results agree well with the experiment data. A region of constant height exists right after the jet outlet, in which the average centerline velocity and turbulence intensity maintains same with the jet outlet, and the instant fluctuation amplitudes are also small. For turbulent flows, the length of the undisturbed region is equal to the length of region of constant height. While near the laminar region, the length of undisturbed region is slightly larger than the length of zone of constant height. The vortex structures start to generate after the undisturbed region, develop coherently in the region of flow establishment, and break down gradually in the region of fully established flow region. As the Reynolds number increases, the length of zone of constant height, the length of undisturbed region and the length of potential core region all decrease correspondingly.
Introduction
Jet flow is widely used in aerospace, hydraulic engineering and industrial manufacturing, and the two-dimensional planar free jet flow is important for blade impingement cooling, thrust vector control and material cutting [1] . Studies have been focused on the flow structures of the planar free jet flows.
Albertson et al. [2] firstly proposed the flow evolution of a jet, emerging from a two-dimensional rectangular slot without converging duct. They reported that the flow field includes the zone of flow establishment and the zone of established flow, divided by the length of potential core region L p . Gori et al. [3] measured the flow structure of two-dimensional free jet at Re = 11300 by means of Hot Wire Anemometer (HWA) and shadowgraph visualizations. They reported that the region of undisturbed flow where velocity and turbulence remain almost equal to those measured on the exit. This length of this undisturbed region L U is almost equal to the length region of constant height, L CH . They further measured the flow field of the jet flow with Re = 22000~35300 by Particle Image Velocimetry (PIV) technique [4] , reported that the lengths of L CH , L U and L p decrease as the Re number increases. The development of computational techniques and turbulent modeling enables the ability to numerically study the flow dynamics problems. Simulation works have been down for jet flows with different numerical methods including large eddy simulation (LES) and direct numerical simulation (DNS) [5] . A high-resolution space-time conservation element/solution element (CE/SE) scheme is firstly proposed by Chang [6] , which will be combined with the Monotonically Integrated Large Eddy Simulation (MILES) [7] to investigate the flow structures of the planar free jet numerically. CE/SE scheme has the advantages of easy construction, global conservation, high resolution, low dissipation, and grid adaptability, which has been successfully used in computational aeroacoustics [8] and induct turbulent flow simulation [9] . The numerical work in this study will be validated with experimental results by Gori et al. [4] Computational Methods
Governing Equations
The problem is governed by the two-dimensional Navier-Stokes (N-S) equations together with the equation of state for calorically perfect gas, and the equations are nondimensionalized. The N-S equations without source can be written in the strong conservation form as
where "^" denotes non-dimensional variables, and
(2) The ρ , û , v are respectively the density and velocities on x, y directions. Also, total energy
Ty . The specific heat ratio 1.4  γ 
Numerical Schemes
The space-time conservation element/solution element (CE/SE) implicit numerical scheme is used in this study. This scheme retains the conservation feature in both space and time domains through the proper construction of the conservation element and solution element. Also, the two-dimensional problem can be treated as three-dimensional by unifying the space and time domains 3 ( , , )  x y t EX . According to the Gauss's divergence theorem, Eq. 1 can be written into integral form Fig. 1(a) , G * is the centroid of ABCDEF, where the calculated flow variables will be stored. As the CE/SE scheme has the advantages of global conservation, monotonicity, positivity and locality, the Monotonically Integrated Large Eddy Simulation (MILES) [7] is used in this study, in which the numerical dissipation is used to mimic the turbulent dissipation without use of SGS models. The high resolution of MILES has been verified to be satisfied to simulate jet flows [10] .
Results
In this study, the planar air jet flow is simulated under various Reynolds numbers. The computational domain is rectangular and -15<x/H<10, -3.5<y/H<3.5, where H is the width of the free jet. Uniform inflow condition at x/H = -15, non-slip condition at side walls, and free outlet conditions at other boundaries are used. The total grid number is 1092400, and the regions near the jet outlet and boundaries are refined. For different Re numbers, the velocity distribution, vorticity field, and turbulence intensity are analyzed. The time-averaged centerline turbulent intensity is calculated by Fig. 2 shows the results for Re = 2200, the upper laminar case. It can be seen that the width of the free jet remains unchanged for a long distance after the jet outlet, defined as the length of region of constant height L CH , which is about 4.5H in this case. The two shear layers and the cross-section velocity profile remains steady before x = 6.0H, which is called the length of undisturbed region L U . The time averaged centerline velocity and turbulent intensity both remain unchanged in the region of constant height, shown in Fig. 2(c) and Fig. 2(d) . The amplitudes of instant centerline velocity and turbulent intensity within the region of constant height are very small (<3%), while increase distinctly after L CH . The length of potential core region L P is defined as the distance where the time averaged centerline velocity decreases to 95% of u 0 , and L P is 7.5H in this case.
When the Re number is increased to 35300, the turbulent flow shows different features. It can be seen from Fig. 3(a) that the width of the free jet remains unchanged for a very short distance after the jet outlet, and the length of region of constant height L CH is about 1.2H in this case. The length of undisturbed region L U is nearly the same as L CH , in which the shear layer and velocity profile remain undisturbed. The amplitudes of instant centerline velocity and turbulent intensity within the region of constant height are very small (<3%). The length of potential core region L P also decreased to about 5.0H in this case, after which the unsteady vortex structures begin to break down.
The flow structures of free jet flows with Re number ranging from 2200 to 35300 are simulated. The length of the region of constant height L CH , length of undisturbed region L U , and the length of potential core region L P are compared with the experiment results [4] , as shown in Fig. 4 . It can be seen that L U is nearly the same with L CH for turbulent cases, but is slightly larger than L CH in the upper laminar region. The characteristic lengths decreases as the Re number increases, and the simulation results agree very well with the experiment.
Summary
In this study, the two-dimensional free jet flows are simulated using the MILES method combined with space-time CE/SE scheme. The simulated velocity and turbulence intensity distributions are compared with the experiment results.
The region of constant height of flow exists right after the jet outlet. The centerline u velocity and corresponding turbulence intensity remain unchanged with the jet outlet. The length of the region of constant height L CH decreases from 1.2H for Re = 2200 to 4.5H for Re = 35300. The length of potential core region L P also decreases from 5.0H for Re = 2200 to 7.5H for Re = 35300. The unsteady vortex structure movement starts after the length of undisturbed region L U , develop coherently in the region of flow establishment and break down gradually after the length of potential core region L P . 
